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ABSTRACT 

Application of industrial painting is often carried out by air-atomization. In this case, health hazards arise 
from the exposure to solid and liquid aerosols as well as to solvent vapors. Control of these airborne 
pollutants may be achieved through the use of a spray booth, whose effectiveness depends also on the 
number and dimension of the openings, on the main air flow rate, as well as on the direction and flow rate 
of secondary air streams. This work analyzes the influence of these design parameters on the overall 
efficiency of a painting booth using a mathematical model, whose reliability was assessed by comparison 
with several measurements carried out in a real-size painting booth. 

INTRODUCTION 

Table 1. Numf?er. of different health control devices used in the wood painting 
industries near Milano (Italy). 

Control device Number 

Open booth 282 
Pressurized booth 57 

Dry booth 47 

Other 87 

Wood painting is a relevant activity in an industrial region close to Milano (Italy), as summarized in Table 
I. This diffuse presence of the wood painting sector motivated a large effort by the regional control agency 
CU.S.S.L.) to investigate the health hazards connected with various working policies. It was found that in 
many instances the application of industrial painting is carried out by air-atomization and the health hazards 
control of airborne pollutants (such as solid and liquid aerosols or solvent vapors) is usually achieved 
through open spray booths. These are partial enclosures of sheet metal construction with at least one side 
open for conveying the piece to be painted into and out the booth. 

le is well known that the effectiveness of an open painting booth depends on several operating parameters. 
Among the others, the number and dimension of the openings, the main air flow rate, as well as the direction 
and flow rate of secondary air streams play a relevant role. In this context, the main aim of this work is to 
'::'lyzc the influence of these design parameters on the overall efficiency of an open painting booth through 
' ~ u~~ of a mathematical model developed in the frame of the Computational Fluid Dynamics. The 
re ••balny of this mathematical model was assessed by comparing its predictions with several measurements 
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carried out in a real-size painting booth habitually used in the fumjture industry. Both the velocity field and 
the solvent concentration values were measured and compared with those predicted by the CFD model. The 
reasonable agreement found allowed for the use of such a model to analyze the influence of several design 
parameters, thus leading to a few suggestions for designing and managing painting booths. 

MATERIALS AND METHODS 

All the measurements were carried out on vertical planes parallel to the open side of a real-size open booth. 
This was a 3x.2.4x2 m3 enclosure built by Giardina S.p.A. and located inside an industrial building .with 
surface area of about 400 m2 and height of about 5 m. A lateral view of this booth, together with all the 
relevant geometrical dimensions, is sketched in figure 1. The air enters the booth through the open side 
(3x.2.4 m2) on the left where the operator stands, while the exhausts leave the booth through two slots and 
the plenum on the right side of the booth. Water wash system is also available for cleaning particulate matter 
from the exhausted air. A variable speed fan connected with the plenum allows to set up different air flow 
rates. 

A few runs were perfonned without any obstacles close to the open side, while others involved the presence 
of an "operator" simulated by means of a l .65x0.50x0.20 m3 steel box located in the rojddle of the open side. 

The air velocity field was characterized using hot-wire anemometers, while the total flow rate was measured 
using a Pitot-tube located in the exhaust duct. Two parallel vertical planes, the open side and a second one 
in the middle of the booth, were characterized dividing them in 9 equal sectors and measuring the air 
velocity in the center of each sector (see figure 2, part A). Five minutes average values were considered, 
leading to a good agreement between flow rates measured in the exhaust duct and those computed from the 
measures on the front plane. 

A spray-gun was utilized for simulating-painting conditions using a commercial paint with about 30% of 
dry residual. The spray-gun was operated with pressurized air (about 4 bar) and a 1 mrn2 nozzie, and ii was 
located close to the "crperator" in order to mime painting operations. Standard charcoal activated tubes were 
used to collect solvents with a flow rate of about 200 cm3/rojn in 11 points close to the front of the booth, 
that is, where the operator usually stands (see figure 2, part B). Gaschromatografic analysis was used to 
determine the amount of solvents collected in terms of n-exane equivalent concentration. 

The experimental results were simulated by means of a model developed in the frame of Computation.I 
Fluid Dynamics. All local balance equations involved in such a model can be represented using tht 
following general relation: 

where the variable¢, the coefficient r ~(which represents a generalized diffusion coefficient for the vari 
¢),and the source tenn S~, have different meanings for each balance equation (that is, mass, momen 
and energy; cf Patankar, 1980), and they represent a system of partial differential equations that was~ 
numerically using the finite volume method (Patankar, 1980). As usual, the key problem is the descn 
of the effects of the turbulence on the three-dimensional turbulent flow. In this work, the k-€ model (La 
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and Spalding, 1972) was used. The values of the empirical parameters involved in such a model were 
deduced from the literature, while the near wall flow was simulated by means of log-type wall functions 
(Launder and Spalding, 1972). In spite of significant deviations have been reported in certain situations, k-e 
model has been widely applied to many engineering problems because it gives a fairly good approximation 
of the actual turbulence without the burden of expensive calculations (Kurabuchi et al., 1989; Rota et al., 

I 994). 

PRELIMINARY EXPERIMENTS 

We investigated experimentally various configurations, as summarized in table 2. Here the location of the 
pollutant source is referred to the "operator", that is, close means that the paint was sprayed directly from 
the frontal surface of the box representing the operator. The jet arose near the top of the "operator" and was 
inclined about 20° toward the floor. A total air flow rate equal to about 12000 m3/h was selected, that is close 
to both the value suggested by ACGIH guidelines (ACGIH, 1995) as well as to that required by Italian 
guidelines (UNI, 1991 ). Both the velocity field and the solvent concentration values were measured and 
compared with those predicted by the CFO model. 

Table 2. Synoptic of the experiment~! runs. 

run "operator" pollutant source of air flow rate 
pollutant (m3/h) 

I no no - 12000 

2 yes no - 12000 

3 yes yes close 12000 

Table 3. Experimental pollutant concentrations made dimensionless through the values measured in the 
exhaust duct. 

run sample pollutant concentration 
point 

3 L 0.03 0.04 0.03 

M 0.04 0.08 0.09 

G 0.05 0.04 0.05 

I 0.06 0.10 0 .04 

N 0.04 0.08 0.04 

E 1.90 0.57 1.36 

0 0.04 0.06 0.06 

H 0.76 0.35 3.00 
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All the runs were repeated three times to asses the experimental reproducibility, and some results are 
summarized in table 3 where the dimensionless pollutant concentration values measured in the sampling 
plane are reported. This dimensionless representation allows for comparing different runs with different 
boundary conditions, such as the pollutant or the air flow rate. The data reported in table 3 are representative 
of the efficiency of the booth with respect to both the overall amount of pollutant sprayed and the overall 
air flow rate since they determine the average concentration of pollutant in the exhaust duct. This ranged 
from about I 00 to about 500 mg/m3, depending on the operating conditions. We can see from the results of 
run 3, which is characterized by a pollutant source very close to the "operator", that the plane ahead the 
"operator" can be roughly divided into two different regions: the first one, just in front of the "operator" 
(sampling points E and H), is characterized by very large concentration values, while in the second one the 
concentration values suddenly decreases of ~t least one order of magnitude. This can be explained 
considering the formation of vortexes in front of the "operator" due to both the air flow coming from his 
back and the drag induced by the high velocity jet coming from the nozzle of the spray-gun. Moreover, we 
can also see that in the region in front of the operator a larger variability of the measurements was evidenced. 
This is probably due to the complex flow pattern arising from the interaction between the jet coming from 
the spray-gun and the vortexes generated by the air flow around the "operator". 

The representation used by the CFD model for simulating this run is sketched in figure 3 {apart from the box 
representing the "operator", which is located in the center of the open side), where it can be seen that the 
complex shape sketched in figure 1 was simplified in order to make the computations feasible. In spite of 
this simplified representation, the model has been able to catch the main experimental findings, such as the 
sharp increase of the pollutant concentration ahead the "operator" as shown in figure 4. We can see that there 
is a region in front of the "operator" characterized by high concentration values that suddenly decrease to 
very low values outside this region. From the quantitative comparison reported in figure 5, where both the 
experimental values and the predicted ones are reported, we can see that the model represents quite well the 
experimental behavior. Note that in complex situations, such as the pollutant <lispers.ion in complex air flow 
fields here discussed, it is more important to search for a qualitative agreement between experimental trends 
and model predictions than looking for a lo~al quantitative agreement. In fact, on one hand the experimental 
uncertainties prevent any significant comparison with the single experimental datum, and on the other hand 
for the sake of comparison among different configurations it is not meaningful to detail the fine structurt 
of the concentration field since an overall representation suffices. 

Finally, we mention that a similar agreement between experimental results and mode] predictions was also 
found for velocity fields. This was expected, since a general accord between experimental data and model 
predictions is reported in the literature when velocity fields are considered (cf., Awbi, 1991 ). 
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PARAMETRIC ANALYSIS 

Table 4. Synoptic of the configurations investigated. J means good, K average, and L bad. 

run air flow auxiliary air source exhaust exit geometric configuration performanc 
rate flow e 

(m3/h) 

1 12000 no close two slots basic K 

2 12000 no far two slots basic J 

3 8000 no ,far two slots basic J 

4 6000 no far two slots basic K 

5 4000 . no far two slots basic L 

6 2000 no far two slots basic L 

7 8000 from the top far two slots basic L 

8 8000 no far two slots +bottom basic K 
grid 

9 8000 no far two slots +bottom without top box higher K 
grid upper slot 

10 8000 lateral far two slots +bottom without top box higher L 
grid upper slot 

11 8000 from the top far two slots +bottom without top box higher L 
grid upper slot 

Following the results discussed in the previous section, we can now use the CFD model as <> toQl for 
comparing the overall efficiency of different booth configurations. In fact this kind of model is quite flexible 
and particularly suitable for parametric studies since it can easily account for different geometric 
configurations as well as source and air flow locations. 

We investigated various solutions, as summarized in table 4, where the overall perfonnance of each solution 
is summarized with a symbol. Among the various conclusions that can be drawn from these results, here 
we would like to stress the importance of the source location with respect to the operator. It is enough to 
move away the spay-gun from the "operator" (say, 40 cm away as was done in the simulations reported in 
table 4) to change completely the pollutant concentration in the horizontal plane ahead the "operator". We 
can see that also lowering by 30% the air flow rate results in better perfonnances ifthe pollutant source is 
moved away from the "operator" (see runs I to 3 in table 4, and figures 6 and 7). From these figures we can 
*that the pollutant concentration values in the plane just ahead the "operator" are always low since almost 
•II the pollutant is captured by the booth. However, further reductions in the air flow rate result in 
concentration values not acceptable, as evidenced by runs 4 to 6 in table 4. 

It " also · t · · m erestmg to note that the presence of an air "shower" from the left top of the booth toward the 
~~r not only does not enhance the booth performance, but also allows for some pollutant to escape from 

th, as shown in figure 8. This is mainly due to a large vortex induced by the secondary flow in the 
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' 
upper part of the booth that is able to drag some pollutant outside, and it represents a typical example of how 
a CFD model can help to discuss and criticize some "intuitive" improvement in hood design. 

Figure 9 represents the effect of the substitution of the closed bottom of the booth with a grid, as usually 
done to avoid paint accumulation on the bottom. It can be seen that the effect of this modification is to 
reduce the air velocity through the lower suction slot, thus lowering the drag of pollutant. As a result the 
concentration field switches foward the operator, leading to a worse perfonnance of the booth. 

Similar conclusions arise from the analysis of the pollutant field computed for the other booth 
configurations, as summarized in the last column of table 4. 

COMPARISON BETWEEN EXPERIMENTS AND MODEL PREDICTIONS 

A preliminary validation of the model predictions was previously discussed. As a further confinnation of 
the model reliability we verified one of the model predictions discussed in the previous section. In particular, 
we found that when the spray-gun was moved away from the "operator" the pollutant concentration values 
close to the "operator" decreased significantly, thus leading to a better booth performance. As a consequence, 
we also found that it was possible to decrease the air flow rate from 12000 m3/h to 8000 m3/h without 
significantly affecting the pollutant concentration ahead the operator. 

Table 5. Synoptic of the second set of experimental runs. 

Run "operator" pollutant source of air flow rate 
pollutant (m3/h) 

4 yes yes far 12000 

5 yes yes far 8000 

Table 6. Experimental pollutant concentration values made dimensionless through the values 
measured in the exhaust duct. 

run sample pollutant 
point concentration 

4 p 0.03 0.03 

Q 0.04 0.02 

R 0.04 0.02 

5 p 0.02 0.01 

Q 0.06 0.01 

R 0.03 1 

Two new sets of measurements were carried out, as summarized in table 5 (note that in this case the 
breathing zone was investigated). Here far means that the spray-gun was located at the end of an "arm- , 
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about 40 cm length) in front of the "operator." Both the sets of measurements were repeated twice, and they 
ire reported in table 6 in dimensionless units (as a reference, these measurements should be compared with 
ihe model results summarized in figures 6 and 7, respectively). As expected, the concentration values are 
quite low and they are not affected by the air flow rate. This further supports the·reliability of the proposed 
approach. 

CONCLUSIONS 

Jn this work we analyzed the influence of several design parameters· on the overall efficiency of a painting 
booth using a mathematical model developed in the frame of the Computational Fluid Dynamics. The 
reliability of this approach was assessed by comparison with several measurements carried out in a real-size 
painting booth. 

Among the others, we found that: 
I. one of the main parameters influencing the efficiency of a booth is the relative position of operator, 

spray-gun, and booth entrance: when the spray-gun is too close to the operatore very large pollutant 
concentration values are recorded in front of him; 

2. there exists a lower bound of the main air flow rate capable of a good control of the health hazards in 
the working envirorunent; this is about 20% less than that suggested by the Italian guidelines for this 
kind of painting boots, thus allowing the saving of a significant amount of energy; 

3. secondary air streams (for instance, a flow coming from the top of the booth to "shower" the worker, 
or two lateral jets for cleaning the breathing area) are not effective or even dangerous; the optimal 
configuration involves only a plug flow from the back of the worker towards the piece to be painted. 
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Figure 1. Lateral view of the painting booth used for all the measurements. The operator stands on the 
left side, which is the open one. Exhausts leave the booth through the plenum on the right side. 
Dimensions are in mm. 
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Figure 2. Front view of the booth and measuring points for velocity (part A) and pollutant (part B) 

Figure 3. Geometrical configuration of the booth used for model simulations. Sampling region is 
represented as a gray vertical plane. ' 
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Figure 4. Model predictions for run 3, table 2, referring to the vertical plane evidenced in figure 3. 
Central dark region represents concentration values larger than 1, while the external gray region 
represents concentration values lower than 0.2. Concentration values are made dimensionless through 
the value in the exhaust duct. Sampling points (see table 3) are also reported. 
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Figure 5. Experimental data and model predictions (between brackets) for run 3, table 2, referring to 
the vertical plane ahead the operator sketched in figure 3. Concentration values are made dimensionless 
through the values measured in the exhaust duct. 
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Figure 6. Model predictions for run 2, table 4, referring to a vertical plane in the center of the booth. 
Dark region represents concentration values larger than 1, while the external gray region represents 
concentration values lower than 0.1. Concentration values are made dimensionless through the value in 
the exhaust duct. 

Fl&ure 7. Model predictions for run 3, table 4, referring to a vertical plane in the center of the booth. 
Dark region represents concentration values larger than 1, while the external gray region represents 
concentration values lower than 0.1. Concentration values are made dimensionless through the value in 
lhc exhaust duct. 
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Figure 8. Model predictions for run 7, table 4, referring to a vertical plane in the center of the booth. 
Dark region represents concentration values larger than 1, while the external gray region represents 
concentration values lower than 0.1. Concentration values are made dimensionless through the value in 
the exhaust duct. 

Figure 9. Model predictions for run 8, table 4, referring to a vertical plane in the center of the booth. 
Dark region represents concentration values larger than 1, while the external gray region represents 
concentration values lower than 0.1. Concentration values are made dimensionless through the value in 
the exhaust duct. 
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